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Abstract 
1. The study of feedbacks between plants and soils (plant–soil feedbacks; PSFs) is 
receiving increased attention. However, PSFs have been mostly studied in isola-
tion of abiotic and biotic drivers that could affect their strength and direction. This 
is problematic because it has led to limited predictive power of PSFs in “the real 
world,” leaving large knowledge gaps in our ability to predict how PSFs contribute 
to ecosystem processes and functions.
2. Here, we present a synthetic framework to elucidate how abiotic and biotic driv-
ers affect PSFs. We focus on two key abiotic drivers (temperature and soil mois-
ture) and two key biotic drivers (above-ground plant consumers and below-ground 
top-down control of pathogens and mutualists). We focus on these factors be-
cause they are known drivers of plants and soil organisms and the ecosystem 
processes they control, and hence would be expected to strongly influence PSFs.
3. Our framework describes the proposed mechanisms behind these drivers and ex-
plores their effects on PSFs. We demonstrate the impacts of these drivers using 
the fast- to slow-growing plant economics spectrum. We use this well-established 
paradigm because plants on opposite ends of this spectrum differ in their relation-
ships with soil biota and have developed contrasting strategies to cope with abi-
otic and biotic environmental conditions.
4. Finally, we present suggestions for improved experimental designs and scientific in-
ference that will capture and elucidate the influence of above- and belowground driv-
ers on PSFs. By establishing the role of abiotic and biotic drivers of PSFs, we will be 
able to make more robust predictions of how PSFs impact on ecosystem function. 
K E Y W O R D S
climate, herbivory, litter, plant traits, soil food web, trophic interactions and cascades
1  | THE IMPORTANCE OF PL ANT–SOIL 
FEEDBACKS AND CRITIC AL KNOWLEDGE 
GAPS
Throughout their life spans, plants alter the biotic (e.g., litter decom-
posers, root herbivores and pathogens, symbionts) and abiotic (e.g., 
nutrient availability, dead organic matter, microclimate) properties 
of the soil, which alter the performance of plants that subsequently 
grow in the soil. Such processes are called plant–soil feedbacks (PSFs) 
(van der Putten et al., 2013). Plant–soil feedbacks may play a critical 
role in understanding ecosystem functioning, and research efforts 
in a number of fields are increasingly targeting PSF as a key driver of 
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observed processes (Bennett et al., 2017; Mariotte et al., 2018; Teste 
et al., 2017; van der Putten, Bradford, Brinkman, Voorde, & Veen, 
2016). There have been recent calls to investigate how PSFs are 
contingent on external drivers that either affect plants, soil biota or 
both (Smith-Ramesh & Reynolds, 2017; van der Putten et al., 2013; 
Whitaker, Bauer, Bever, & Clay, 2017). This is important because un-
derstanding how the strength and direction of PSFs vary according 
to above- and belowground drivers is critical to predicting ecosys-
tem function, particularly under global change scenarios (van der 
Putten et al., 2016). However, the impacts of such drivers on PSFs 
have not been formally integrated into PSF experimental design.
Here, we propose a framework that identifies the impacts of 
multiple drivers on the major components of PSF; that is, plant roots 
and shoots, belowground mutualists, root pathogens and herbivores, 
and litter decomposers. Calls have been made previously to consider 
the impacts of external factors on PSFs (Smith-Ramesh & Reynolds, 
2017; van der Putten et al., 2016) because failure to consider such 
factors is likely why so many PSF experiments yield results that are 
either unpredictable or inconsistent between the glasshouse and 
the field (Heinze & Joshi, 2018; Heinze, Sitte, Schindhelm, Wright, & 
Joshi, 2016; Kulmatiski & Kardol, 2008; Kulmatiski, Beard, Stevens, 
& Cobbold, 2008; Veen, de Vries, Bakker, van der Putten, & Olff, 
2014). Here, we make specific predictions about how such drivers 
might alter the strength and direction of PSFs, including potential in-
teractive effects. Such predictions will assist in the design of better 
experiments and help to unravel the mechanisms behind how these 
factors shift PSFs. We focus on two key abiotic drivers (temperature 
and soil moisture) and two key biotic drivers (aboveground plant con-
sumers and belowground top-down control of root-associated soil 
biota and litter decomposers) (Figure 1). There are numerous addi-
tional external drivers of PSF that are beyond the scope of this paper 
(Box 1). However, the factors examined in detail here are known 
drivers of plant and soil organism performance and the ecosystem 
processes (e.g., nutrient cycling, productivity, carbon sequestration) 
F I G U R E  1   Abiotic and biotic drivers of plant–soil feedbacks (PSFs). Diagrams showing how net PSFs might be altered by abiotic (panels a, 
b) and biotic (panels c, d) drivers. The x-axis shows increases of each driver from left to right (i.e., increasing temperature, moisture, herbivory 
pressure, belowground top-down control), while the y-axis shows how the net PSF is expected to shift (i.e., become more positive, negative, 
or neutral). Plant species with fast versus slow growth strategies can be expected to show contrasting responses as the influence of a driver 
increases. (a) Increasing temperatures will result in more negative PSFs to fast-growing plants due to increased pathogen pressure (Burns et 
al., 2013; Mohan et al., 2014), while slow-growing plants will also experience increasingly negative PSFs due to the loss of mutualists under 
higher temperatures (Mohan et al., 2014). (b) Increasing soil moisture will lead to less negative PSFs that eventually become positive for fast-
growing plants because of increased decomposition and nutrient cycling (Reich, 2014). Slow-growing plants will experience shifts towards 
positive PSFs as moisture increases because they are adapted to cope with stressful conditions (i.e., too much water) (Fischer et al., 2016). (c) 
High aboveground plant consumer pressure will decrease negative PSFs for fast-growing plants due to increased nutrient cycling (Sitters & 
Olde Venterink, 2015). On the other hand, slow-growing plants will experience more positive feedbacks at high rates of herbivory because 
they are better defended and able to cope with increasing pathogen pressure and inhibited decomposition associated with moderate levels 
of herbivory (Agrawal & Weber, 2015; Reich, 2014); these benefits will eventually decrease as herbivory pressure becomes too intense. (d) 
High belowground top-down control will lead to more positive PSFs for both fast- and slow-growing plants due to enhanced nutrient cycling 
caused by the consumption of root herbivores, pathogens and decomposers (Kulmatiski et al., 2014). However, we expect fast-growing 
plants to benefit slightly more than slow-growing plants because they are more dependent on high nutrient availability (Reich, 2014). See 
text for further details on these predictions.
(a) (b)
(c) (d)
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they drive and hence would be expected to be important drivers 
of PSFs (Andriuzzi & Wall, 2017; Blankinship, Niklaus, & Hungate, 
2011; Smith-Ramesh & Reynolds, 2017). We selected these drivers 
because they are ubiquitous across ecosystems and are strongly as-
sociated with pressing ecological concerns (e.g., climate change, sus-
tainable management of soils, trophic cascades), and the substantial 
research conducted to date allowed us to make robust predictions 
about how they might drive PSFs under different scenarios.
We explore the impacts of these drivers using the fast- to slow-
growing plant economics spectrum. We chose this well-established 
paradigm because plants on opposite ends of this spectrum differ 
in their relationships with soil biota and have developed contrasting 
strategies to cope with abiotic and biotic environmental conditions 
(Reich, 2014; Wright et al., 2004). Specifically, fast-growing plants 
generally have more exploitative traits (i.e., higher specific leaf area 
and specific root length), higher tissue nutrient concentrations and 
are poorly defended, thereby making them more susceptible to 
accumulation of pathogens. This runs in contrast to slow-growing 
plants, which typically are more conservative in their resource ac-
quisition and growth, have lower tissue nutrient concentrations, bet-
ter tissue defences and invest more in mutualistic relationships with 
other organisms. As a result, fast-growing plants are typically asso-
ciated with increased ecosystem productivity, fast nutrient cycling 
rates, greater and higher rates of nutrient loss and turnover, while 
slow-growing plants are generally the opposite. Evidence for the 
plant economics spectrum has been found in both above- and be-
lowground plant organs, and these general patterns can be observed 
across ecosystems (Díaz et al., 2016; Reich, 2014). Therefore, fast- 
versus slow-growing plants likely differ in their feedbacks with soil 
abiotic and biotic factors and will consequently respond differently 
to drivers that impact on the components of PSF (Cortois, Schröder-
Georgi, Weigelt, van der Putten, & De Deyn, 2016) and the resultant 
effects will likely have contrasting impacts on ecosystem function. 
Together, our framework assists to better understand the mecha-
nisms behind these above- and belowground drivers, highlights the 
critical knowledge gaps regarding their contributions to PSFs and 
proposes a stepwise procedure by which to test the importance of 
these drivers under both glasshouse and field conditions.
2  | ABIOTIC DRIVERS
2.1 | Temperature
Plants and soil organisms respond differently to changes in tempera-
ture, either along latitudinal (De Frenne et al., 2013) or elevational 
gradients (Sundqvist, Sanders, & Wardle, 2013), as well as due to 
climate change (Classen et al., 2015). Abiotic stressors such as tem-
perature have been shown to strengthen the effects of both patho-
gens and mutualists on plant performance (Pineda, Dicke, Pieterse, 
& Pozo, 2013), which will alter the strength and direction of PSFs. 
For example, under cold conditions with slow recycling of nutrients, 
plants may be more dependent on symbiotic soil biota for acquisi-
tion of nutrients. This might lead slow-growing plants to allocate 
BOX 1 A broader context: additional drivers
The abiotic and biotic factors examined in depth here are 
not the only potential drivers of PSFs that should be considered 
in future experiments. Site-specific soil characteristics such as 
pH and texture will likely affect PSFs. For example, plant-in-
duced shifts in soil pH could drive changes in soil microbial 
community composition (Fierer & Jackson, 2006), and may re-
sult in host-specific microbial pathogen accumulation, thereby 
increasing negative PSFs (Merges, Balint, Schmitt, Bohning-
Gaese, & Neuschulz, 2018). Soil texture can also shape PSFs, 
with plants showing contrasting feedbacks depending on sand 
content (Meijer, Holmgren, & Van der Putten, 2011). In ad-
dition to soil factors, both natural and anthropogenic distur-
bances can play a role in shaping PSFs. For example, in many 
ecosystems fire disturbance is a key driver of plant community 
composition and abiotic and biotic soil properties. Fire can se-
lectively kill soil organisms such as plant pathogens or mutual-
ists (Bergner, Johnstone, & Treseder, 2004). Therefore, it could 
take years to millennia for the pre-fire soil communities to re-
cover (Bokhorst, Berg, & Wardle, 2017), resulting in a strong 
potential for fire to interact with PSFs. However, the effect 
of fire on PSFs remains untested. Further, changes in land-use 
that result in increased or decreased disturbance could also 
shift PSFs. For example, through the intensification of agricul-
ture, organic matter is often lost from the soil (Foster et al., 
2003), thereby changing nutrient supplies. Further, shifts from 
conventional to organic agriculture can have positive effects 
on soil organisms (Bengtsson, Ahnstrom, & Weibull, 2005) 
that could affect the capacity of soil communities to alter the 
strength and direction of PSFs. The discussion above and in 
the main text highlights that it is important to consider drivers 
of PSFs and their interactions when designing experiments. 
However, the selection of drivers must be carefully considered 
depending on the ecosystem under investigation and the types 
of questions and spatial and temporal scales addressed. Photo 
credit: Paul Kardol.
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more resources to soil mutualists via higher root exudation (van der 
Heijden, Bardgett, & van Straalen, 2008). Under warmer conditions, 
the activity of arbuscular mycorrhizal fungi (AMF) is expected to 
decrease (Mohan et al., 2014). This may weaken positive PSFs, par-
ticularly for slow-growing species that are most dependent on my-
corrhizae (Figure 1a). Increased temperatures are also expected to 
increase prevalence of soil pathogens because pathogen life cycles 
will be shortened (Chakraborty, 2013). This could promote the build-
up of root pathogens, leading to more negative PSFs, particularly in 
fast-growing plant species that are typically less well-defended than 
slow-growing species (Agrawal & Weber, 2015). However, the direct 
effects of temperature on PSFs might be context-dependent (van 
Grunsven, van der Putten, Bezemer, & Veenendaal, 2010), and more 
research is needed to determine whether or not general patterns 
exist concerning the effects of temperature on PSFs.
Temperature can also affect soil organism activity, and thereby 
nutrient cycling and decomposition rates. High temperatures gen-
erally increase bacterial, but decrease fungal, activity, leading to 
lower fungal to bacterial ratios (Cregger, Sanders, Dunn, & Classen, 
2014) and increased rates of nutrient cycling (Burns et al., 2013). 
This can result in positive plant–litter feedbacks (plant above- and 
 belowground litter can feedback to impact on plant performance 
after it senesces), generating greater nutrient uptake by plants and 
resultantly higher quality litter, especially for fast-growing species 
that prefer high nutrient levels (Reich, 2014). Consequently, high-
quality litter may strengthen “home field advantage effects” (i.e., 
accelerated breakdown of a plant’s litter in the vicinity of where a 
plant originates (vs. away from where it originates) due to the pres-
ence of specialised decomposers) by increasing the competition 
between decomposer organisms. This may lead to specialisation in 
decomposer communities, which may selectively benefit fast-grow-
ing plants that typically produce high-quality litter (Austin, Vivanco, 
González-Arzac, & Pérez, 2014). Under global warming, positive PSF 
effects through increased nutrient cycling may decrease when or-
ganisms adapt to warmer soils or undergo community shifts (Cregger 
et al., 2014).
Overall, increasing temperature should have a positive impact on 
nutrient cycling and pathogen build-up, but a negative impact on the 
activity of mutualists. As a result, slow-growing plants could expe-
rience reduced positive PSF under higher temperatures, while fast-
growing species may experience increased negative PSF, but this 
might be compensated by increased nutrient availability provided 
via the plant–litter feedback pathway (Figure 1a).
2.2 | Moisture
Plants and soil organisms are strongly affected by changes in soil 
moisture. Generally, AMF favour plant growth under drier condi-
tions because of their ability to assist in water uptake (Mohan et al., 
2014) and similar effects have been found for rhizobacteria, which 
may assist with water retention and water usage efficiency (Rubin, 
van Groenigen, & Hungate, 2017). If changes in soil moisture af-
fect how plants interact with mutualists and pathogens, this could 
affect the soil biota they leave in the soil, thereby affecting future 
PSFs. For example, more positive PSFs might occur under drought, 
particularly for slow-growing plants that heavily rely on and invest 
in soil mutualists (Reich, 2014) (Figure 1b). Further, soil pathogens 
are generally more diverse and abundant in moist than dry ecosys-
tems (Tedersoo et al., 2014). This may generate increasingly negative 
PSFs with higher soil moisture. Changes in soil moisture that affect 
pathogens may be short-lived because pathogens can adapt quickly 
to moisture conditions (Chakraborty, 2013). Yet, plants may become 
increasingly susceptible to soil pathogens under moisture extremes 
(Suzuki, Rivero, Shulaev, Blumwald, & Mittler, 2014), resulting in in-
creased negative PSFs (Kaisermann, de Vries, Griffiths, & Bardgett, 
2017; van der Putten et al., 2016).
Moisture also has the potential to affect litter decomposition 
and nutrient cycling rates. Decomposition is usually slow under 
very wet (Wiedermann, Kane, Potvin, & Lilleskov, 2017) or dry 
conditions (Vogel, Eisenhauer, Weigelt, & Scherer-Lorenzen, 
2013), which could result in lower soil nutrient availability to 
plants and hence the production of lower-quality root and shoot 
litter at the extreme ends of the moisture gradient (Reich, 2014). 
This could result in more negative plant–litter feedbacks for fast-
growing plants that are more dependent on high nutrient inputs 
and less able to tolerate harsh conditions (Figure 1b). Further, 
droughts are usually followed by a nutrient pulse upon rewetting 
(Bloor & Bardgett, 2012), which can neutralise negative PSFs due 
to increased nutrient availability (Fry et al., 2018). However, in 
soils that are adapted to long periods of drought, PSFs may be 
unaffected (Meijer et al., 2011). In addition, flooding could disrupt 
plant–litter feedbacks. Slow-growing plants tend to be more re-
sistant to flooding than fast-growing plants (Fischer et al., 2016). 
If slow-growing species thrive post-flood, more recalcitrant root 
and shoot litter inputs to the soil could generate PSFs that further 
favour these species (Figure 1b).
Overall, fast-growing plants should experience negative feed-
backs under drought conditions that become more positive with 
increasing moisture levels due to faster decomposition rates and 
increased nutrient availability (Figure 1b). On the other hand, slow-
growing plants could experience the most positive feedbacks under 
moisture extremes because they profit more from relationships with 
mutualists under drought and they have traits that could allow them 
to better cope with flooding (Figure 1b).
3  | BIOTIC DRIVERS
3.1 | Aboveground consumers
Increasing pressure of aboveground consumers such as herbi-
vores and foliar pathogens could further drive PSFs. Aboveground 
consumers can induce plant species-specific shifts to soil micro-
bial communities through changes in root exudation (Jones et 
al., 2015), which may lead to suppression of root herbivores and 
pathogens through root defence compounds (Agrawal & Weber, 
2015). This may result in overall positive PSFs for fast-growing 
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plant species that are typically less well-defended against be-
lowground consumers (Chen, Christensen, Nan, & Hou, 2017). In 
contrast, aboveground consumers can also decrease root defence 
compounds and allow for the proliferation of root pathogens 
(Kostenko, van de Voorde, Mulder, Putten, & Bezemer, 2012). 
Under this scenario, slow-growing plants might be better able to 
cope with this increased pathogen load due to their inherently 
higher chemical and structural defences, thereby neutralising 
potential negative PSFs (Figure 1c). Long-term moderate graz-
ing by vertebrate herbivores can change plant community com-
position and nutrient availability, which could benefit mutualists 
like AMF (Ren et al., 2018). Legacies of increased AMF in the soil 
could benefit the next generation of plants, particularly obligate 
mycorrhizal species, as is often the case with slow-growing plants. 
However, increases in plant defence compounds as the result of 
aboveground pathogens may also inhibit mutualists (Ballhorn, 
Younginger, & Kautz, 2014).
Aboveground consumers may speed up soil nutrient cycling by 
consuming recalcitrant plant biomass, and returning more labile dung 
and frass to the soil (Sitters & Olde Venterink, 2015). Foliar patho-
gens may also increase plant root and shoot litter quality (due in part 
to premature abscission of leaves or nutrient-rich fungal tissue in 
infected leaves) (Butenschoen & Scheu, 2014), leading to more nutri-
ents released during decomposition and more positive PSFs through 
the plant–litter feedback pathway (Figure 1c). Both scenarios could 
favour plant nutrient uptake and thereby improve litter quality, 
particularly of fast-growing plants, resulting in accelerated nutri-
ent cycling and positive plant–litter feedbacks (Chen et al., 2017) 
(Figure 1c). However, overgrazing or selective grazing can remove 
nutritious plants from the system, leaving plants of poorer quality, 
thereby inhibiting decomposition rates (Sitters & Olde Venterink, 
2015) and leading to less positive PSFs. Both herbivores and foliar 
pathogens can also affect PSFs by inducing plant defence, resulting 
in increased levels of secondary compounds in plant root and shoot 
litter. This makes the litter unattractive to saprotrophic microbes 
and soil fauna (Chomel et al., 2016) and reduces positive PSF effects 
via the plant–litter feedback pathway. Recent research also showed 
that plants can experience negative plant–litter feedbacks due to 
leaf litter harbouring a pathogenic phyllosphere (Whitaker et al., 
2017). Finally, changes induced by aboveground herbivores to root 
exudation patterns (Olsen et al., 2011) could change the strength 
and direction of PSFs.
Overall, we expect that PSFs for fast-growing plants should be-
come less negative with increasing aboveground consumer pres-
sure due to increased nutrient cycling rates and induced defence. 
These combined effects may help them cope with increased root 
pathogen pressure (Figure 1c). In contrast, slow growers might ex-
perience neutral feedbacks at low aboveground consumption and 
increasingly positive feedbacks at moderate consumption rates, 
with a decrease in feedbacks eventually occurring as grazing pres-
sure becomes too high (Figure 1c). This is because slow-growing 
plants are typically able to cope with increased soil pathogen pres-
sure that occurs with grazing, while simultaneously able to take 
advantage of increases in AMF usually associated with moderate 
grazing.
3.2 | Belowground top‐down control
Finally, evidence is accumulating that predation of rhizosphere 
organisms integral to PSFs can play an important role in plant 
performance (Schuldt et al., 2017). In many experiments, the soil 
food web has been treated as a black box, thereby hindering our 
ability to determine the role of belowground trophic interactions 
on PSFs. However, top-down control of soil organisms could shift 
the strength and direction of PSFs. For example, top-down con-
trol may occur when predators directly consume soil pathogens 
(Kulmatiski et al., 2014), or when higher trophic-level organisms, 
such as earthworms, consume the litter where pathogens lie dor-
mant in the soil (Meyer-Wolfarth, Schrader, Oldenburg, Weinert, 
& Brunotte, 2017). Top-down control of soil mutualists such as 
mycorrhizae (Jonas, Wilson, White, & Joern, 2007) could also 
dampen positive PSFs. Conversely, consumption of soil pathogens 
(Löbmann et al., 2016) could reduce negative PSFs, as pathogens 
would not be allowed to build up in the soil over time. The elimi-
nation of pathogens via top-down control would be more benefi-
cial to fast-growing plants that are typically more susceptible to 
pathogen attack (Agrawal & Weber, 2015) (Figure 1d). However, 
a recent meta-analysis revealed that the impact of belowground 
predators on plant performance tended to be positive, irrespective 
of whether the predators consumed soil pathogens or mutualists 
(Kulmatiski et al., 2014). This unexpected finding was explained 
by predator-mediated nutrient release in the vicinity of the root 
system, which benefited the plants. Such top-down control would 
disproportionately favour fast-growing plants, which could rapidly 
exploit these resources, thereby generating a positive feedback of 
faster nutrient cycling (Figure 1d).
The plant–litter feedback pathway can also be affected by be-
lowground top-down control. Predatory arthropods that prey on 
root and shoot litter consumers have been shown to negatively im-
pact on decomposition (Liu, Chen, He, Hu, & Yang, 2014). In con-
trast, top-down control of certain fungi by isopods allows for the 
competitive release of other litter-decomposing fungi and bacte-
ria, which may lead to increased decomposition rates (Crowther et 
al., 2013). Furthermore, if predators selectively consume decom-
posers that target certain litter types (García-Palacios, Maestre, 
Kattge, & Wall, 2013), this might nullify home field advantage 
effects.
Overall, increasing top-down control on soil biota should re-
sult in positive feedbacks for both fast- and slow-growing plants 
(Figure 1d). This is because both types of species will probably 
benefit from enhanced nutrient cycling, which would speed up the 
plant–litter feedback pathway, and the consumption of pathogens 
(Figure 1d). However, we expect that fast-growing plants might ben-
efit more from belowground top-down control than slow-growing 
plants (i.e., the slope of the line in Figure 1d is steeper for fast- than 
for slow-growing plants).
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4  | INTER AC TIONS AND THE REL ATIVE 
IMPORTANCE OF SC ALE
To make robust predictions about how PSFs affect ecosystem func-
tion in natural systems, the net impact of above- and  belowground 
drivers on PSFs and the effect of each driver and their interac-
tions should be considered together (Figure 2). For example, cli-
mate change could alter temperature and precipitation patterns in 
ways that might affect biotic interactions and reorder the relative 
importance of the drivers of PSFs (van der Putten et al., 2016). 
Increased temperature could result in greater importance of top-
down control of soil organisms (Crowther et al., 2015), thereby 
suppressing soil pathogens and mutualists and affecting PSFs. 
Additionally, temperature and precipitation increases could ben-
efit aboveground pathogens (Chakraborty, 2013), which could 
affect how this driver affects PSFs. Collectively, interactions be-
tween the abiotic and biotic drivers could have synergistic, addi-
tive or antagonistic effects on the net outcome of PSFs. Therefore, 
disentangling how such interactions manifest under natural condi-
tions, and thereby translate to impacts on ecosystem function, is 
an important research frontier, which so far has received little at-
tention (Heinze & Joshi, 2018). Here, our a priori model (Figure 2) 
and our stepwise research procedure (Figure 3) provide a starting 
point for the design of future experiments that seek to disentangle 
the role of above- and belowground drivers of PSFs.
Further, the relative importance of single and interactive ef-
fects of abiotic and biotic drivers on PSFs depends on the spatial 
and temporal scales. Drivers that operate at larger spatial scales 
have the potential to change the components of PSF at the eco-
system level, but how these drivers interact with other drivers 
across scales might vary. For example, vertebrate herbivores will 
likely influence PSFs at larger spatial scales (Egelkraut, Kardol, 
De Long, & Olofsson, 2018) than aboveground insect consum-
ers (Heinze & Joshi, 2018) when considered individually, but 
competition between vertebrate and invertebrate herbivores 
might interact to influence PSFs (Branson & Haferkamp, 2014). 
Plant–plant interactions, such as competition and facilitation, 
should also be taken into account (Box 2). Therefore, the spa-
tial context under which drivers are considered would determine 
their relative importance for shaping PSFs. Furthermore, the 
temporal scale considered could affect the strength and direc-
tion of above- and belowground drivers and their impacts on 
PSFs. For example, the duration of drought events could have 
differential effects on decomposer organisms versus pathogens 
(van der Putten et al., 2016). Finally, temporal changes (i.e., sea-
sonal fluxes) that reorder the relative importance of the drivers 
of PSFs are bound to occur. Nonetheless, how different spatial 
and temporal scales affect the drivers of PSFs has rarely been 
tested and hence should be considered alongside the above- and 
 belowground drivers proposed here.
F I G U R E  2   A priori model of how abiotic and biotic drivers affect plant–soil feedbacks (PSFs). Drivers such as temperature (1), moisture 
(2), aboveground (AG) plant consumers (3), belowground (BG) top-down control (4) impact on components of plant–soil feedbacks, for 
instance, BG mutualists, BG plant consumers, litter decomposition. The orange ovals show the abiotic and biotic drivers of the components 
of PSFs, which are shown in blue ovals. Subsequently, the components of PSFs control whether or not the feedback response is positive or 
negative. Temperature, moisture and aboveground plant consumers could also impact directly on plant performance (5, 6, 7). Importantly, 
all of the abiotic and biotic drivers could interact with one another (8; circle connecting the drivers), which could affect the way each driver 
impacts on the components of PSFs. This a priori model provides a starting point for new experimental designs that seek to disentangle the 
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5  | THE WAY FORWARD
Application of our framework of above- and belowground drivers 
of PSFs will allow us to obtain a better understanding of how each 
individual driver, as well as their interactions, alters PSFs. Here, 
we showed several abiotic and biotic drivers that are important in 
controlling the components of PSF. Although recent conceptual 
advances to understanding these drivers have been made, we now 
need to test the framework presented here with new experimental 
designs incorporating the multiple drivers of PSFs. Inclusion of driv-
ers that have hereto largely been ignored in PSF research will ensure 
that a complete, “real world” picture of PSFs is generated and will 
likely help explain why so many PSF experiments yield unexplainable 
or irreproducible results.
Specifically, using our a priori model as a guide (Figure 2), we 
make a call for the following stepwise research procedure, that 
can be applied to PSF research in order to formally integrate the 
drivers of PSF into experimental designs and thereby increase our 
predictive capacity (Figure 3): (1) Test which of the drivers induce 
the strongest individual or interactive impacts on PSFs. Controlled 
experiments that seek to identify important drivers and then dis-
entangle interactions between multiple drivers of PSF simultane-
ously need to be developed based on our current knowledge; (2) 
Unravelling the mechanisms behind the drivers of PSFs under con-
trolled, glasshouse conditions. For example, using a trait-based ap-
proach in PSF research in the context of external drivers would be 
a good starting point (Cortois et al., 2016; Ke, Miki, & Ding, 2015). 
Experiments that involve explicitly identifying and potentially ma-
nipulating the soil organisms responsible for PSFs alongside ex-
ternal drivers will generate a better understanding of how the soil 
community drives PSFs (Kardol, Veen, Teste, & Perring, 2015); (3) 
Once the strongest drivers and their mechanisms are identified, the 
next step is to examine these drivers in the field. PSFs detected 
in the glasshouse often do not manifest under natural conditions 
(Heinze et al., 2016; Kulmatiski & Kardol, 2008; Kulmatiski et al., 
2008). This is because glasshouse studies typically do not account 
for external drivers of PSFs (but, see Kaisermann et al., 2017; Fry et 
al., 2018). Therefore, taking above- and belowground drivers that 
affect PSFs in the glasshouse and then setting them to interact with 
other drivers in the field is the only way to fully understand their 
importance in driving PSFs in natural ecosystems; (4) Conduct PSF 
experiments across large-scale nutrient, pH, climate and distur-
bance gradients by setting up global networks across ecosystems 
that investigate how above- and belowground drivers affect PSFs. 
The power of existing long-term global experimental networks, 
such as NutNet (Borer et al., 2014) or ITEX (Arft et al., 1999), should 
be harnessed and incorporated into future PSF research. For exam-
ple, combing new experimental work alongside data that have al-
ready been collected on plant community composition across these 
networks could allow us to follow back plant species’ abundance 
over time, thereby potentially identifying key drivers of PSFs ret-
roactively, once the mechanisms are better understood. Executing 
PSF experiments across gradients has been proposed previously 
(Smith-Ramesh & Reynolds, 2017), but not with explicit exploration 
F I G U R E  3   Schematic showing how 
our framework could be applied to the 
design of experiments to better predict 
plant–soil feedbacks (PSFs). In the first 
step, predictions will be made as to how 
the drivers of PSF and their interactions 
will influence PSFs. In the second step, 
under controlled, glasshouse conditions, 
the strongest drivers will be determined 
and their mechanisms identified. In the 
third step, predictions will be tested under 
natural field conditions. In the fourth 
step, global networks will be established 
that seek to understand how the drivers 
of PSFs operate across environmental 
gradients. Finally, in the fifth step, global 
data on PSFs can be used to develop and 
test models, allowing for the upscaling and 
better predictive power, thereby initiating 
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of external drivers; and (5) Finally, using the global data collected 
to develop ecological mathematical models (e.g., biogeochemical 
models) will allow us to scale up our findings and make robust, com-
prehensive predictions about how the drivers of PSF will influence 
ecosystem processes (e.g., plant community composition shifts, 
decomposition, formation of soil organic matter, nutrient cycling) 
at larger, ecologically meaningful spatial and temporal scales. The 
stepwise procedure highlighted here can be systematically and 
continuously applied to design more predictive PSF experiments 
(Figure 3).
AUTHORS’  CONTRIBUTIONS
J.R.D.L., E.L.F., G.F.V. and P.K. conceived the idea. J.R.D.L. led the 
writing of the manuscript, and all authors contributed critically to 
the drafts and gave final approval for publication.
DATA ACCE SSIBILIT Y
This manuscript does not use data.
ORCID
Jonathan R. De Long  http://orcid.org/0000-0002-7951-4818 
Ellen L. Fry  http://orcid.org/0000-0001-7513-2006 
G. F. Veen  http://orcid.org/0000-0001-7736-9998 
Paul Kardol  http://orcid.org/0000-0001-7065-3435 
R E FE R E N C E S
Agrawal, A. A., & Weber, M. G. (2015). On the study of plant defence 
and herbivory using comparative approaches: How important are 
secondary plant compounds. Ecology Letters, 18, 985–991. https://
doi.org/10.1111/ele.12482.
Andriuzzi, W. S., & Wall, D. H. (2017). Responses of belowground com-
munities to large aboveground herbivores: Meta-analysis reveals 
biome-dependent patterns and critical research gaps. Global Change 
Biology, 23, 3857–3868. https://doi.org/10.1111/gcb.13675.
Arft , A . M., Walker, M. D., Gurevitch, J., Alatalo, J. M., Bret-Harte, 
M. S., Dale, M., … Wookey, P. A . (1999). Responses of tundra 
plants to experimental warming: Meta-analysis of the inter-
national tundra experiment. Ecological Monographs, 69, 491–
511. https://doi.org/10.1890/0012-9615(1999)069[0491:rot
pte]2.0.co;2.
Austin, A. T., Vivanco, L., González-Arzac, A., & Pérez, L. I. (2014). There's 
no place like home? An exploration of the mechanisms behind plant 
litter–decomposer affinity in terrestrial ecosystems. New Phytologist, 
204, 307–314. https://doi.org/10.1111/nph.12959.
Ballhorn, D. J., Younginger, B. S., & Kautz, S. (2014). An aboveground 
pathogen inhibits belowground rhizobia and arbuscular mycorrhizal 
fungi in Phaseolus vulgaris. BMC Plant Biology, 14, 1–13. https://doi.
org/10.1186/s12870-014-0321-4.
Bengtsson, J., Ahnstrom, J., & Weibull, A. C. (2005). The effects 
of organic agriculture on biodiversity and abundance: A meta-
analysis. Journal of Applied Ecology, 42, 261–269. https://doi.
org/10.1111/j.1365-2664.2005.01005.x.
BOX 2 Plant–plant competition
There is accumulating evidence that plant–plant competitive 
interactions can result in changes to patterns of plant domi-
nance and diversity (Klironomos, 2002; Teste et al., 2017). 
Therefore, competitive interactions with neighbouring species 
are probably important drivers of PSFs. Despite this, the im-
portance of neighbouring species in driving PSFs is rarely in-
cluded in PSF experiments (Bezemer, Jing, Bakx-Schotman, & 
Bijleveld, 2018; Kaisermann et al., 2017; Kardol, Cornips, van 
Kempen, Bakx-Schotman, & van der Putten, 2007). A recent 
meta-analysis demonstrated that competitive interactions can 
eclipse the direct effects of PSFs and that the identity (i.e., 
intra- vs. interspecific) and density of the neighbouring plants 
need to be considered (Lekberg et al., 2018). This is surprising 
because negative PSFs could be enhanced if interspecific com-
petitors were more affected by the build-up of root pathogens 
or herbivores than the focal species (Shannon, Flory, & 
Reynolds, 2012). Further, in mixed plant communities where 
functionally different species tightly coexist, the identity of 
neighbouring species may not only determine the strength of 
PSFs through resource competition, but also indirectly through 
their respective effects on soil biota (Teste et al., 2017). 
Conversely, plant–plant interactions might also take on a facili-
tative effect due to increased colonisation of mycorrhizae 
when a species is grown in the vicinity of more conspecifics 
(Casper & Castelli, 2007). Such interactions could have far-
reaching consequences for plant community assembly by ac-
celerating successional development if negative intraspecific 
feedbacks and positive interspecific feedbacks occur concur-
rently (van de Voorde, van der Putten, & Bezemer, 2011). 
Hence, the strength of feedbacks may be overestimated when 
plants are grown in isolation from interspecific competitors, as 
moderating influences of neighbours are ignored. This leads to 
incorrect conclusions about how PSFs might change plant 
community assembly and ecosystem function. Photo credit: 
Paul Kardol.
126  |    Functional Ecology DE LONG Et aL.
Bennett, J. A., Maherali, H., Reinhart, K. O., Lekberg, Y., Hart, M. M., 
& Klironomos, J. (2017). Plant-soil feedbacks and mycorrhizal type 
influence temperate forest population dynamics. Science, 355, 181–
184. https://doi.org/10.1126/science.aai8212.
Bergner, B., Johnstone, J., & Treseder, K. K. (2004). Experimental warm-
ing and burn severity alter soil CO2 flux and soil functional groups in a 
recently burned boreal forest. Global Change Biology, 10, 1996–2004. 
https://doi.org/10.1111/j.1365-2486.2004.00868.x.
Bezemer, T. M., Jing, J., Bakx-Schotman, J. M. T., & Bijleveld, E.-J. 
(2018). Plant competition alters the temporal dynamics of 
plant-soil feedbacks. Journal of Ecology, 106, 1–14. https://doi.
org/10.1111/1365-2745.12999.
Blankinship, J. C., Niklaus, P. A., & Hungate, B. A. (2011). A meta-analysis 
of responses of soil biota to global change. Oecologia, 165, 553–565. 
https://doi.org/10.1007/s00442-011-1909-0.
Bloor, J. M. G., & Bardgett, R. D. (2012). Stability of above-ground and 
below-ground processes to extreme drought in model grassland eco-
systems: Interactions with plant species diversity and soil nitrogen 
availability. Perspectives in Plant Ecology Evolution and Systematics, 14, 
193–204. https://doi.org/10.1016/j.ppees.2011.12.001.
Bokhorst, S., Berg, M. P., & Wardle, D. A. (2017). Micro-arthropod 
community responses to ecosystem retrogression in boreal forest. 
Soil Biology & Biochemistry, 110, 79–86. https://doi.org/10.1016/j.
soilbio.2017.03.009.
Borer, E. T., Harpole, W. S., Adler, P. B., Lind, E. M., Orrock, J. L., 
Seabloom, E. W., & Smith, M. D. (2014). Finding generality in ecology: 
A model for globally distributed experiments. Methods in Ecology 
and Evolution, 5, 65–73. https://doi.org/10.1111/2041-210X. 
12125.
Branson, D. H., & Haferkamp, M. A. (2014). Insect herbivory and ver-
tebrate grazing impact food limitation and grasshopper popula-
tions during a severe outbreak. Ecological Entomology, 39, 371–381. 
https://doi.org/10.1111/een.12114.
Burns, R. G., DeForest, J. L., Marxsen, J., Sinsabaugh, R. L., Stromberger, 
M. E., Wallenstein, M. D., … Zoppini, A. (2013). Soil enzymes in a 
changing environment: Current knowledge and future directions. 
Soil Biology and Biochemistry, 58, 216–234. https://doi.org/10.1016/j.
soilbio.2012.11.009.
Butenschoen, O., & Scheu, S. (2014). Climate change triggers effects of 
fungal pathogens and insect herbivores on litter decomposition. Acta 
Oecologica‐International Journal of Ecology, 60, 49–56. https://doi.
org/10.1016/j.actao.2014.08.003.
Casper, B. B., & Castelli, J. P. (2007). Evaluating plant-soil feedback to-
gether with competition in a serpentine grassland. Ecology Letters, 10, 
394–400. https://doi.org/10.1111/j.1461-0248.2007.01030.x.
Chakraborty, S. (2013). Migrate or evolve: Options for plant pathogens 
under climate change. Global Change Biology, 19, 1985–2000. https://
doi.org/10.1111/gcb.12205.
Chen, T., Christensen, M., Nan, Z. B., & Hou, F. J. (2017). The effects 
of different intensities of long-term grazing on the direction and 
strength of plant-soil feedback in a semiarid grassland of Northwest 
China. Plant and Soil, 413, 303–317. https://doi.org/10.1007/
s11104-016-3103-y.
Chomel, M., Guittonny-Larcheveque, M., Fernandez, C., Gallet, C., 
DesRochers, A., Pare, D., … Baldy, V. (2016). Plant secondary 
metabolites: A key driver of litter decomposition and soil nu-
trient cycling. Journal of Ecology, 104, 1527–1541. https://doi.
org/10.1111/1365-2745.12644.
Classen, A. T., Sundqvist, M. K., Henning, J. A., Newman, G. S., Moore, 
J. A. M., Cregger, M. A., … Patterson, C. M. (2015). Direct and indi-
rect effects of climate change on soil microbial and soil microbial-
plant interactions: What lies ahead? Ecosphere, 6, 1–21. https://doi.
org/10.1890/es15-00217.1.
Cortois, R., Schröder-Georgi, T., Weigelt, A., van der Putten, W. H., & 
De Deyn, G. B. (2016). Plant–soil feedbacks: Role of plant functional 
group and plant traits. Journal of Ecology, 104, 1608–1617. https://
doi.org/10.1111/1365-2745.12643.
Cregger, M. A., Sanders, N. J., Dunn, R. R., & Classen, A. T. (2014). 
Microbial communities respond to experimental warming, but site 
matters. PeerJ, 2, 1–13. https://doi.org/10.7717/peerj.358.
Crowther, T. W., Stanton, D. W. G., Thomas, S. M., A'Bear, A. D., Hiscox, 
J., Jones, T. H., … Boddy, L. (2013). Top-down control of soil fungal 
community composition by a globally distributed keystone con-
sumer. Ecology, 94, 2518–2528. https://doi.org/10.1890/13-0197.1.
Crowther, T. W., Thomas, S. M., Maynard, D. S., Baldrian, P., Covey, K., 
Frey, S. D., … Bradford, M. A. (2015). Biotic interactions mediate soil 
microbial feedbacks to climate change. Proceedings of the National 
Academy of Sciences of the United States of America, 112, 7033–7038. 
https://doi.org/10.1073/pnas.1502956112.
De Frenne, P., Graae, B. J., Rodriguez-Sanchez, F., Kolb, A., Chabrerie, 
O., Decocq, G., … Verheyen, K. (2013). Latitudinal gradients as natu-
ral laboratories to infer species' responses to temperature. Journal 
of Ecology, 101, 784–795. https://doi.org/10.1111/1365-2745. 
12074.
Díaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J., Lavorel, S., Dray, S., 
… Gorne, L. D. (2016). The global spectrum of plant form and func-
tion. Nature, 529, 167–173. https://doi.org/10.1038/nature16489.
Egelkraut, D., Kardol, P., De Long, J. R., & Olofsson, J. (2018). The role of 
plant–soil feedbacks in stabilizing a reindeer-induced vegetation shift 
in subarctic tundra. Functional Ecology, 32, 1959–1971. https://doi.
org/10.1111/1365-2435.13113.
Fierer, N., & Jackson, R. B. (2006). The diversity and biogeography of 
soil bacterial communities. Proceedings of the National Academy of 
Sciences of the United States of America, 103, 626–631. https://doi.
org/10.1073/pnas.0507535103.
Fischer, F. M., Wright, A. J., Eisenhauer, N., Ebeling, A., Roscher, C., 
Wagg, C., … Pillar, V. D. (2016). Plant species richness and functional 
traits affect community stability after a flood event. Philosophical 
Transactions of the Royal Society of London. Series B, Biological Sciences. 
371, 1–8. https://doi.org/10.1098/rstb.2015.0276.
Foster, D., Swanson, F., Aber, J., Burke, I., Brokaw, N., Tilman, D., & Knapp, 
A. (2003). The importance of land-use legacies to ecology and con-
servation. BioScience, 53, 77–88. https://doi.org/10.1641/0006-
3568(2003) 053[0077:tiolul]2.0.co;2.
Fry, E. L., Johnson, G. N., Hall, A. L., Pritchard, W. J., Bullock, J. M., & 
Bardgett, R. D. (2018). Drought neutralises plant–soil feedback of 
two mesic grassland forbs. Oecologia, 186, 1113–1125. https://doi.
org/10.1007/s00442-018-4082-x.
García-Palacios, P., Maestre, F. T., Kattge, J., & Wall, D. H. (2013). Climate 
and litter quality differently modulate the effects of soil fauna on 
litter decomposition across biomes. Ecology Letters, 16, 1045–1053. 
https://doi.org/10.1111/ele.12137.
Heinze, J., & Joshi, J. (2018). Plant–soil feedback effects can be masked 
by aboveground herbivory under natural field conditions. Oecologia, 
186, 235–246. https://doi.org/10.1007/s00442-017-3997-y.
Heinze, J., Sitte, M., Schindhelm, A., Wright, J., & Joshi, J. (2016). Plant-
soil feedbacks: A comparative study on the relative importance of 
soil feedbacks in the greenhouse versus the field. Oecologia, 181, 
559–569. https://doi.org/10.1007/s00442-016-3591-8.
Jonas, J. L., Wilson, G. W. T., White, P. M., & Joern, A. (2007). 
Consumption of mycorrhizal and saprophytic fungi by Collembola in 
grassland soils. Soil Biology and Biochemistry, 39, 2594–2602. https://
doi.org/10.1016/j.soilbio.2007.05.004.
Jones, A. G., Scullion, J., Ostle, N., Oakley, S., Di Dio, A., & Gwynn-
Jones, D. (2015). Plant community composition and an insect out-
break influence phenol oxidase activity and soil-litter biochemistry 
in a sub-Arctic birch heath. Polar Biology, 38, 505–516. https://doi.
org/10.1007/s00300-014-1613-8.
Kaisermann, A., de Vries, F. T., Griffiths, R. I., & Bardgett, R. D. 
(2017). Legacy effects of drought on plant–soil feedbacks and 
     |  127Functional EcologyDE LONG Et aL.
plant–plant interactions. New Phytologist, 215, 1413–1424. https://
doi.org/10.1111/nph.14661.
Kardol, P., Cornips, N. J., van Kempen, M. M. L., Bakx-Schotman, J. M. 
T., & van der Putten, W. H. (2007). Microbe-mediated plant-soil 
feedback causes historical contingency effects in plant commu-
nity assembly. Ecological Monographs, 77, 147–162. https://doi.
org/10.1890/06-0502.
Kardol, P., Veen, G. F., Teste, F. P., & Perring, M. P. (2015). Peeking into 
the black box: A trait-based approach to predicting plant-soil feed-
back. New Phytologist, 206, 1–4. https://doi.org/10.1111/nph.13283.
Ke, P. J., Miki, T., & Ding, T. S. (2015). The soil microbial community 
predicts the importance of plant traits in plant-soil feedback. New 
Phytologist, 206, 329–341. https://doi.org/10.1111/nph.13215.
Klironomos, J. N. (2002). Feedback with soil biota contributes to plant 
rarity and invasiveness in communities. Nature, 417, 67–70. https://
doi.org/10.1038/417067a.
Kostenko, O., van de Voorde, T. F. J., Mulder, P. P. J., van der Putten, 
W. H., & Bezemer, T. M. (2012). Legacy effects of aboveground–be-
lowground interactions. Ecology Letters, 15, 813–821. https://doi.
org/10.1111/j.1461-0248.2012.01801.x.
Kulmatiski, A., Anderson-Smith, A., Beard, K. H., Doucette-Riise, S., 
Mazzacavallo, M., Nolan, N. E., … Stevens, J. R. (2014). Most soil tro-
phic guilds increase plant growth: A meta-analytical review. Oikos, 
123, 1409–1419. https://doi.org/10.1111/oik.01767.
Kulmatiski, A., Beard, K. H., Stevens, J. R., & Cobbold, S. M. (2008). Plant-
soil feedbacks: A meta-analytical review. Ecology Letters, 11, 980–
992. https://doi.org/10.1111/j.1461-0248.2008.01209.x.
Kulmatiski, A., & Kardol, P. (2008). Getting plant-soil feedbacks out 
of the greenhouse: Experimental and conceptual approaches. In 
U. Lüttge, W. Beyschlag, & J. Murata (Eds.), Progress in botany (pp. 
449–472). Berlin, Heidelberg: Springer Berlin Heidelberg. https://
doi.org/10.1007/978-3-540-72954-9_18.
Lekberg, Y., Bever James, D., Bunn Rebecca, A., Callaway Ragan, M., 
Hart Miranda, M., Kivlin Stephanie, N., … Putten Wim, H. (2018). 
Relative importance of competition and plant–soil feedback, 
their synergy, context dependency and implications for coexis-
tence. Ecology Letters, 21, 1268–1281. https://doi.org/10.1111/
ele.13093.
Liu, S. J., Chen, J., He, X. X., Hu, J., & Yang, X. D. (2014). Trophic cascade 
of a web-building spider decreases litter decomposition in a tropical 
forest floor. European Journal of Soil Biology, 65, 79–86. https://doi.
org/10.1016/j.ejsobi.2014.10.004.
Löbmann, M. T., Vetukuri, R. R., de Zinger, L., Alsanius, B. W., Grenville-
Briggs, L. J., & Walter, A. J. (2016). The occurrence of pathogen 
suppressive soils in Sweden in relation soil biota, soil properties, 
and farming practices. Applied Soil Ecology, 107, 57–65. https://doi.
org/10.1016/j.apsoil.2016.05.011.
Mariotte, P., Mehrabi, Z., Bezemer, T. M., De Deyn, G. B., Kulmatiski, A., 
Drigo, B., … Kardol, P. (2018). Plant–soil feedback: Bridging natural 
and agricultural sciences. Trends in Ecology & Evolution, 33, 129–142. 
https://doi.org/10.1016/j.tree.2017.11.005.
Meijer, S. S., Holmgren, M., & Van der Putten, W. H. (2011). Effects of 
plant–soil feedback on tree seedling growth under arid conditions. 
Journal of Plant Ecology, 4, 193–200. https://doi.org/10.1093/jpe/
rtr011.
Merges, D., Balint, M., Schmitt, I., Bohning-Gaese, K., & Neuschulz, E. L. 
(2018). Spatial patterns of pathogenic and mutualistic fungi across 
the elevational range of a host plant. Journal of Ecology, 106, 1545–
1557. https://doi.org/10.1111/1365-2745.12942.
Meyer-Wolfarth, F., Schrader, S., Oldenburg, E., Weinert, J., & Brunotte, 
J. (2017). Biocontrol of the toxigenic plant pathogen Fusarium cul‐
morum by soil fauna in an agroecosystem. Mycotoxin Research, 33, 
237–244. https://doi.org/10.1007/s12550-017-0282-1.
Mohan, J. E., Cowden, C. C., Baas, P., Dawadi, A., Frankson, P. T., Helmick, 
K., … Witt, C. A. (2014). Mycorrhizal fungi mediation of terrestrial 
ecosystem responses to global change: Mini-review. Fungal Ecology, 
10, 3–19. https://doi.org/10.1016/j.funeco.2014.01.005.
Olsen, Y. S., Dausse, A., Garbutt, A., Ford, H., Thomas, D. N., & Jones, D. 
L. (2011). Cattle grazing drives nitrogen and carbon cycling in a tem-
perate salt marsh. Soil Biology & Biochemistry, 43, 531–541. https://
doi.org/10.1016/j.soilbio.2010.11.018.
Pineda, A., Dicke, M., Pieterse, C. M. J., & Pozo, M. J. (2013). Beneficial 
microbes in a changing environment: Are they always helping plants 
to deal with insects? Functional Ecology, 27, 574–586. https://doi.
org/10.1111/1365-2435.12050.
Reich, P. B. (2014). The world-wide ‘fast–slow’ plant economics spec-
trum: A traits manifesto. Journal of Ecology, 102, 275–301. https://
doi.org/10.1111/1365-2745.12211.
Ren, H., Gui, W., Bai, Y., Stein, C., Rodrigues, J. L. M., Wilson, G. W. T., 
… Yang, G. (2018). Long-term effects of grazing and topography 
on extra-radical hyphae of arbuscular mycorrhizal fungi in semi-
arid grasslands. Mycorrhiza, 28, 117–127. https://doi.org/10.1007/
s00572-017-0812-x.
Rubin, R. L., van Groenigen, K. J., & Hungate, B. A. (2017). Plant growth 
promoting rhizobacteria are more effective under drought: A meta-
analysis. Plant and Soil, 416, 309–323. https://doi.org/10.1007/
s11104-017-3199-8.
Schuldt, A., Bruelheide, H., Buscot, F., Assmann, T., Erfmeier, A., Klein, 
A.-M., … Wubet, T. (2017). Belowground top-down and aboveground 
bottom-up effects structure multitrophic community relation-
ships in a biodiverse forest. Scientific Reports, 7, 4222. https://doi.
org/10.1038/s41598-017-04619-3.
Shannon, S., Flory, S. L., & Reynolds, H. (2012). Competitive con-
text alters plant–soil feedback in an experimental woodland 
community. Oecologia, 169, 235–243. https://doi.org/10.1007/
s00442-011-2195-6.
Sitters, J., & Olde Venterink, H. (2015). The need for a novel integra-
tive theory on feedbacks between herbivores, plants and soil nutri-
ent cycling. Plant and Soil, 396, 421–426. https://doi.org/10.1007/
s11104-015-2679-y.
Smith-Ramesh, L. M., & Reynolds, H. L. (2017). The next frontier of plant-
soil feedback research: Unraveling context dependence across biotic 
and abiotic gradients. Journal of Vegetation Science, 28, 484–494. 
https://doi.org/10.1111/jvs.12519.
Sundqvist, M. K., Sanders, N. J., & Wardle, D. A. (2013). Community and 
ecosystem responses to elevational gradients: Processes, mech-
anisms, and insights for global change. Annual Review of Ecology, 
Evolution, and Systematics, 44, 261–280. https://doi.org/10.1146/
annurev-ecolsys-110512-135750.
Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E., & Mittler, R. (2014). 
Abiotic and biotic stress combinations. New Phytologist, 203, 32–43. 
https://doi.org/10.1111/nph.12797.
Tedersoo, L., Bahram, M., Polme, S., Koljalg, U., Yorou, N. S., Wijesundera, 
R., … Abarenkov, K. (2014). Global diversity and geography of 
soil fungi. Science, 346, 1078–1088. https://doi.org/10.1126/
science.1256688.
Teste, F. P., Kardol, P., Turner, B. L., Wardle, D. A., Zemunik, G., Renton, 
M., & Laliberté, E. (2017). Plant-soil feedback and the maintenance 
of diversity in Mediterranean-climate shrublands. Science, 355, 173–
176. https://doi.org/10.1126/science.aai8291.
van de Voorde, T. F. J., van der Putten, W. H., & Bezemer, T. M. (2011). 
Intra- and interspecific plant-soil interactions, soil legacies and pri-
ority effects during old-field succession. Journal of Ecology, 99, 945–
953. https://doi.org/10.1111/j.1365-2745.2011.01815.x.
van der Heijden, M. G. A., Bardgett, R. D., & van Straalen, N. M. (2008). 
The unseen majority: Soil microbes as drivers of plant diversity and 
productivity in terrestrial ecosystems. Ecology Letters, 11, 296–310. 
https://doi.org/10.1111/j.1461-0248.2007.01139.x.
van der Putten, W. H., Bardgett, R. D., Bever, J. D., Bezemer, T. M., 
Casper, B. B., Fukami, T., … Wardle, D. A. (2013). Plant-soil feedbacks: 
128  |    Functional Ecology DE LONG Et aL.
The past, the present and future challenges. Journal of Ecology, 101, 
265–276. https://doi.org/10.1111/1365-2745.12054.
van der Putten, W. H., Bradford, M. A., Brinkman, E. P., van de Voorde, 
T. F. J., & Veen, G. F. (2016). Where, when and how plant-soil feed-
back matters in a changing world. Functional Ecology, 30, 1109–1121. 
https://doi.org/10.1111/1365-2435.12657.
van Grunsven, R. H. A., van der Putten, W. H., Bezemer, T. M., & 
Veenendaal, E. M. (2010). Plant-soil feedback of native and range-ex-
panding plant species is insensitive to temperature. Oecologia, 162, 
1059–1069. https://doi.org/10.1007/s00442-009-1526-3.
Veen, G. F., de Vries, S., Bakker, E. S., van der Putten, W. H., & Olff, 
H. (2014). Grazing-induced changes in plant-soil feedback alter 
plant biomass allocation. Oikos, 123, 800–806. https://doi.
org/10.1111/j.1600-0706.2013.01077.x.
Vogel, A., Eisenhauer, N., Weigelt, A., & Scherer-Lorenzen, M. (2013). 
Plant diversity does not buffer drought effects on early-stage litter 
mass loss rates and microbial properties. Global Change Biology, 19, 
2795–2803. https://doi.org/10.1111/gcb.12225.
Whitaker, B. K., Bauer, J. T., Bever, J. D., & Clay, K. (2017). Negative 
plant-phyllosphere feedbacks in native Asteraceae hosts—A novel 
extension of the plant-soil feedback framework. Ecology Letters, 20, 
1064–1073. https://doi.org/10.1111/ele.12805.
Wiedermann, M. M., Kane, E. S., Potvin, L. R., & Lilleskov, E. A. (2017). 
Interactive plant functional group and water table effects on decom-
position and extracellular enzyme activity in Sphagnum peatlands. 
Soil Biology and Biochemistry, 108, 1–8. https://doi.org/10.1016/j.
soilbio.2017.01.008.
Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., … Villar, R. (2004). The worldwide leaf economics spectrum. 
Nature, 428, 821–827. https://doi.org/10.1038/nature02403.
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section at the end of the article.
How to cite this article: De Long JR, Fry EL, Veen GF, Kardol P. 
Why are plant–soil feedbacks so unpredictable, and what to do 
about it? Funct Ecol. 2019;33:118–128. https://doi.
org/10.1111/1365-2435.13232
